Creosotebush (Larrea tridenlata [Sesse & Moc ex DC] Cov) and other shrubs have spread into semidesert grasslands of the southwestern United States and northern Mexico; and as creo sotebush increases, perennial grasses decrease. This study evalu ated 3 rates of tebuthiuron and 4 mechanical treatments in 1981 and 1982 for creosotebush control at 4 locations, 3 in Chihuahua, Mexico, and 1 in Arizona, U.S.A., and compared forage produc tion after treatment with untreated checks. Creosotebush mortali ties averaged across locations and years were 75,87,93,3,33,68, and 68% for the 0.5,1.0, and 1.5 kg ai/ha tebuthiuron (/V-(5-<ltl-dimethylethyl)-U,4-thiadiazol-2-yl}-AyV'-dimethylurea), land im printing, 2-way railing, disk plowing, and disk plowing with contourfurrowing treatments, respectively. Forage production averaged across locations and years was 529,524, 606,303,344,290,330, and 302 kg/ha for the 0.5,1.0, and 1.5 kg ai/ha tebuthiuron, land imprinting, 2-way railing, disk plowing, disk plowing with furrow ing, and untreated check treatments, respectively. Precipitation was below long-term means at all Chihuahuan locations in 1983, and forage production was significantly greater on most treated plots where brush was controlled than on untreated checks. At the Arizona location precipitation was above the long-term mean in 1983 and all plots treated in 1981, except the disk plowing and disk plowing with furrowing which destroyed perennial grasses, pro duced significantly more grass forage than the untreated checks. Precipitation was above the long-term means at all locations in 1984 and about half of the plots treated with tebuthiuron produced significantly more forage than the untreated checks but not any mechanically treated plots. When treatments reduced shrub den sity and remnants of native forage grasses were present, forage production increased in both wet and dry years.
grass production decreases (Anderson et al. 1957) .
Proper grazing management has no effect on creosotebush den sity and no biological control methods are available. Tebuthiuron has been the most effective selective broadcast treatment for creo sotebush control on rangelands in the Southwestern United States (Bovey and Meyer 1978 , Scifres et al. 1979 , Herbel et al. 1985 . Jacoby et al. (1982) reported that 0.5 and 1.0 kg/ha of tebuthiuron reduced the density of creosotebush near Ft. Stockton, Texas, by 86 and 99%, respectively, and grass production 32 months after treatment was 257 kg/ ha on an untreated area and 702 and 1,039 kg/ha on plots treated at 0.S, and 1.0 kg/ ha, respectively.
Root plowing and disking are among the oldest methods for controlling woody vegetation. However, these operations destroy existing herbaceous vegetation and should be limited to areas where plant removal will be followed by reseeding. Effective mechanical treatments cut off the shrub below the crown. Chain ing, railing, roller chopping, land imprinting, and rotary mower reduce cover but do not kill shrubs which sprout from roots and crowns. Thus, native grass growth is enhanced for only 2 to 5 years (Scifres 1980) . Previous studies have evaluated either chemical or mechanical methods for their effectiveness in controlling creosote bush and effects on forage production but have not directly com pared both chemical and mechanical methods. This study was conducted to evaluate 3 chemical and 4 mechanical treatments for control of creosotebush and other woody species, and compare native grass production on treated and untreated areas at 4 sites in southwestern United States and northern Mexico.
Materials and Methods
The study was conducted at Rancho La Reforma, 60 km east of Hidalgo del Parral, Chihuahua; Rancho Los Pozos, 30 km nor theast of Villa de Aldama, Chihuahua; and Rancho El Toro, 100 km east of Villa Ahumada, Chihuahua, all within the Chihuahuan Desert; and the Santa Rita Experimental Range (SRER), 40 km south of Tucson, Arizona, in the Sonoran Desert. Elevation was 1,500 m at La Reforma; about 1,400 m at Los Pozos and El Toro; and 970 m at SRER. Long-term mean annual precipitation at La Reforma, Los Pozos, El Toro, and SRER is 430,224,227, and 320 mm, respectively, and occurs primarily from June through Sep tember at the Chihuahuan locations, but is bimodal at SRER, with about 60% occurring June through October ( Fig. 1) (COTECOCA 1978, Green and Martin 1967) . Slope inclination varies from 2 to 16% at La Reforma, and from 0 to 5% at the other 3 sites. Surface soil textures at the 4 sites are sandy loams underlain by a caliche hardpan that ranges from 5 to 100 cm below the soil surface. Physical and chemical properties of the soils are shown in Table 1 .
Creosotebush was the dominant shrub species at all locations except La Reforma, where it shared codominance with whitethorn acacia (Acacia constricta Benth.), tarbush (Flourencia cernua DC), and shrubby senna (Cassia wistenizeni Gray). Mariola Study sites (about 30 ha) were fenced to exclude livestock in summer 1981 and divided in half with treatments placed on one side in 1981 and on the other in 1982. Each pan was further divided into 24 plots, each 50 by 100m. The experimental design was a randomized block with 3 replications. The following 8 treatments were applied: broadcast applications of 20% pellets of tebuthiuron at(l)0.5,(2) 1.0, and (3) 1-5 kg ai/ha, (4) land imprinting, (5) 2-way railing, (6) disk plowing, (7) disk plowing with contour furrowing, and (8) untreated check. Tebuthiuron pellets were distributed by hand and the plot was covered 4 times: twice lengthwise on 10 swaths spaced 5 m apart and twice crosswise on 20 swaths, spaced 5 m apart. The clay pellets were 3.2 mm in diameter and approxi mately 4.8 mm in length.
Mechanical treatments were applied between 15 June and 17 July 1981, and Z "*"°f?
I"' "" " "'*"'" "ei8hl fall of 1984 on 10 randomly placed 44-m* quadrats, excluding a 5-m perimeter. Brush mortality was calculated by species on each plot from densities at the time of treatment and the fall of 1984. Confidence intervals for binomial distribution (95%) were calcu lated for each mortality value based on the sample size (Steel and Torrie I960). Confidence intervals were used to show mean differ ences rather than analyses of variance because of shrub population variability at each location.
The rail consisted ofthree 2.65-m lengths of railroad steel bolted together to form a triangle and weighted with rocks (approxi mately 770 kg). The rail was pulled over the plot twice in opposite directions. A standard 3-bottom disk plow on a 3-point hitch weighing 500 kg was used at the Mexican sites, and a pull-type 3-bottom disk plow weighing 1,000 kg was used at the SRER. Both disk plows had 64-cm disks which penetrated soils to 30 cm. A border disk constructed contour furrows at 10-m intervals.
The land imprinter, fabricated from 1.27-cm steel plate, con sisted of 2 non-directional geometric forms (V-pitter and pitdigger) welded on separate 1-by l-m cylinder capsules. Capsules were linked on an axle shaft. Capsules were filled with water, and iron boxes located at the front and rear were filled with rock to improve soil penetration (Dixon and Simanton 1980) . Total fall of 1983 and 1984 using a weight estimate technique (Pechanec and Pickford 1937) . Twenty 30.5 by 61-cm quadrats were ran domly placed in each plot excludinga 5-m band on the perimeter to eliminate treatment effects from adjacent plots, and forage weights visually estimated. Plants in 5 quadrats were clipped at the soil surface. Clipped forage was dried at 40°C for 48 hours in a forced-draft oven, and dry weights from undipped field samples calculated using regression techniques (Campbell and Cassady 1949) . We hypothesized that the treatments would increase forage production above that on untreated plots. When F values were significant, the forage on treated plots was compared with the forage on untreated check plots by Dunnett's one-sided procedure (Steel and Tome I960) .
Brush control programs are expected to increase forage produc tion. To test this assumption we calculated linear correlation coef ficients (r) and linear regression equations between shrub density and forage production in 1984 on all plots at each of the 4 loca tions. At Los Pozos and El Toro 43 degrees of freedom were used to evaluate the significance of correlation coefficients because land imprinting treatments were not applied in 1981. At La Reforma 42 degrees of freedom were used because the land imprinting treat ments and 1 disking with furrowing treatment were not applied in 1981. At SRER 46 degrees of freedom were used because all treatments were applied in both years.
Results and Discussion
Total precipitation at all Chihuahuan locations was below longterm means in 1981,1982, and 1983 (Fig. 1) . Precipitation was 25 and 59% of long-term means during summer 1982 at La Reforma and Los Pozos, respectively. At El Toro total precipitation was 70% of long-term mean in 1983, but July and August precipitation was near normal (117 mm versus 120 mm). Precipitation was above average at all Chihuahuan locations in 1984. At SRER precipita tion was above average in all years.
Creosotebush Mortality
Tebuthiuron usually killed about 60% or more of the creosotebush plants at all rates and locations (Table 2) . Across all locations and years creosotebush mortalities averaged 72,87, and 93% at 0.5, 1.0, and 1.5 kg at/ha, respectively. Creosotebush mortalities from all tebuthiuron rates averaged across both years at La Reforma, Los Pozos, El Toro, and SRER were 77,85,93, and 82%, respec tively. Land imprinting killed 13% or less of the creosotebush and was the least effective control method. Average creosotebush mor talities across all locations from 2-way railing treatments in 1981 and 1982 were 31 and 36%, respectively. Highest mortality of creosotebush from 2-way railing was 62% at Los Pozos from the 1982 treatment and least mortality of creosotebush was 7% at SRER in 1981. Disking and disking with furrowing across all locations and years each killed an average of 68% of creosotebush plants. Disking treatments were more consistently effective at El Toro than at the other locations (Table 2 ). In 1981 mechanical treatments at SRER were applied immediately after 20 mm of rainfall to moist soil, but in 1982 they were applied before summer rains to dry soil. The higher soil moisture content in 1981 prevented desiccation of roots and crowns and contributed to the lower mortality rate of creosotebush in 1981 than in 1982 at the SRER location.
Associated Shrub Mortality
At La Reforma whitethorn acacia was" less susceptible to low rates of tebuthiuron in 1981 than was creosotebush, but at Los Pozos whitethorn acacia populations declined by 89% or more on tebuthiuron plots (Table 2 ). All rates of tebuthiuron killed nearly all of the tarbush, shrubby senna, javelina brush, mariola, and desert zinnia plants. Honey mesquitc was less susceptible to tebu thiuron than creosotebush at El Toro; however, at SRER tebuthi uron caused higher mortalities of velvet mesquitc than creosote bush (Table 2) .
Land imprinting in 1982 killed 48 and 42% of the whitethorn acacia plants at La Reforma and Los Pozos, respectively; but land imprinting was not an effective control measure for tarbush, shrubby senna, and honey mesquite. Both mariola and desert zinnia appeared to be marginally susceptible to land imprinting if treated when the soil was dry. Two-way railing was less effective in controlling whitethorn 'Significantly greater than check (PS0.05) according to Dunnett'i one-sided procedure.
••Significantly greater than check (/"S0.0I) according to Dunnett's one-sided procedure.
■Treatment not applied at these locations in 1981. Disking and disking with furrowing gave erratic control of whitethorn acacia, velvet and honey mesquite, and shrubby senna; but they consistently controlled javelina brush, mariola, and desert zinnia when applied to dry soil.
Forage Production
Forage production in 1983 on untreated plots at La Reforma and Los Pozos was between one-third and one-half what it was in 1984 due to low June to September precipitation in 1983. In 1983 forage production on most treated plots at La Reforma and Los Pozos was significantly greater than on untreated check plots, but not at El Toro (Fig. I and Table 3 ). Total precipitation at El Toro was 70% of long-term mean in 1983; July and August precipitation was near normal. This indicates that competition for moisture between shrubs and forage grasses was not a factor at El Toro in 1983. At SRER all plots treated with tebuthiuron in 1981 and some plots mechanically treated in 1981 produced significantly more forage than the untreated check plots.
Forage production in 1984 was significantly greater on one half of the plots treated with tebuthiuron than on untreated check plots but not on any plots treated mechanically (Table 3 ). Figure 3 shows that because tebuthiuron caused high mortality rates, shrub densi ties at all locations were reduced to less than 4,000 plants/ha, but the mechanically treated plots often supported shrub densities only slightly lower than untreated check plots.
Linear correlation coefficients between shrub density and forage production were significant (f<0.01) for La Reforma and Los Pozos but not for El Toro and SRER (Table 4 ). The lack of a significant correlation between shrub density and forage produc tion at El Toroand SRER in 1984 is attributed to low shrub density ••Significant at the 1% level of probability.
and timeliness of summer rains. All but 3 plots at El Toro had 5,000 or fewer shrubs/ha; consequently, the effect of high shrub density was not measured. Forage production was highest at all locations only where shrub density was less than 3,000 plants/ ha (Fig. 3) . but forage production was not always high where shrub densities were low. On some of the plots forage plants were not present when the study began. On other plots mechanical or chemical treatments injured or destroyed forage grasses so that they were unable to respond significantly to reduced competition from shrubs. July and August rains in 1984 at both El Toro and SRER apparently were sufficient to fulfill the needs of both grasses and shrubs.
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Conclusions
We found that mortalities of creosotebush from tebuthiuron at 0.5 and 1.0 kgai/ha were often 60% or more, and at 1.5 kgai/ha tebuthiuron always killed 80% or more of the creosotebush plants. Whitethorn acacia and honey mesquite mortalities from the 2 low rates of tebuthiuron were often less than 65% but at 1.5 kg ai/h tebuthiuron usually killed 80% or more of these shrub species. Mortality of tarbush, shrubby senna, mariola, javelina brush, and desert zinnia were at least 80% from all rates of tebuthiuron. Land imprinting and 2-way railingseldom gave shrub mortalities greater than 60%. Disking and disking with furrowing each killed an average of 68% of creosotebush plants and destroyed perennial grasses.
When shrub density was less than 3,000 plants/ha grass forage production was highest at all locations. Low shrub density and high forage production were more consistently achieved with tebu thiuron than with mechanical treatments, because the most effec tive mechanical treatments destroyed perennial grasses as well as shrubs. We conclude that forage production on semiartd grassland in northern Mexico and southwestern United States with shrub densities greater than 6,000 plants/ha and a remnant of perennial forage grasses will increase after shrub removal. Forage produc tion on semiarid grasslands with shrub densities below 6,000 plants/ha probably will not increase significantly after shrub control.
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